Crystal Structures of the GluR5 and GluR6 Ligand Binding Cores: Molecular Mechanisms Underlying Kainate Receptor Selectivity  by Mayer, Mark L.
Neuron, Vol. 45, 539–552, February 17, 2005, Copyright ©2005 by Elsevier Inc. DOI 10.1016/j.neuron.2005.01.031
Crystal Structures of the GluR5 and GluR6
Ligand Binding Cores: Molecular Mechanisms
Underlying Kainate Receptor Selectivity
Mark L. Mayer*
Laboratory of Cellular
and Molecular Neurophysiology
Porter Neuroscience Research Center
National Institute of Child Health
and Human Development
National Institutes of Health
Department of Health and Human Services
Bethesda, Maryland 20892
Summary
Little is known about the molecular mechanisms un-
derlying differences in the ligand binding properties
of AMPA, kainate, and NMDA subtype glutamate re-
ceptors. Crystal structures of the GluR5 and GluR6
kainate receptor ligand binding cores in complexes
with glutamate, 2S,4R-4-methylglutamate, kainate, and
quisqualate have now been solved. The structures re-
veal that the ligand binding cavities are 40% (GluR5)
and 16% (GluR6) larger than for GluR2. The binding
of AMPA- and GluR5-selective agonists to GluR6 is
prevented by steric occlusion, which also interferes
with the high-affinity binding of 2S,4R-4-methylgluta-
mate to AMPA receptors. Strikingly, the extent of do-
main closure produced by the GluR6 partial agonist
kainate is only 3° less than for glutamate and 11°
greater than for the GluR2 kainate complex. This, to-
gether with extensive interdomain contacts between
domains 1 and 2 of GluR5 and GluR6, absent from
AMPA receptors, likely contributes to the high sta-
bility of GluR5 and GluR6 kainate complexes.
Introduction
The glutamate receptor ion channels (iGluRs) that me-
diate excitatory synaptic transmission in the mamma-
lian brain are encoded by a family of 18 genes that
coassemble to form AMPA, kainate, and NMDA recep-
tors (Seeburg, 1993; Hollmann and Heinemann, 1994;
Dingledine et al., 1999). The ligand binding properties
of the three major families of iGluR subtypes are suffi-
ciently distinct to have allowed their classification more
than 20 years ago, even before the cloning of individual
iGluR genes, on the basis of the binding of subtype-
selective agonists (Watkins and Evans, 1981). Yet, as
for most neurotransmitter receptors, the molecular
mechanisms underlying such selectivity remain poorly
understood. At present, X-ray crystallography is the
only means to address this. Recently, structures have
been solved for the ligand binding cores of the GluR2
AMPA receptor, the NR1 NMDA receptor, and a bacte-
rial homolog, GluR0 (Gouaux, 2004; Mayer and Arm-
strong, 2004). The results have given a wealth of infor-
mation about iGluR binding and gating mechanisms
(Armstrong and Gouaux, 2000; Sun et al., 2002; Mad-*Correspondence: mlm@helix.nih.govden, 2002; Jin et al., 2003) and have revealed the basis
of the discrimination between glycine and glutamate by
the NMDA receptor NR1 subunit (Furukawa and Gou-
aux, 2003), but leave unaddressed the mechanisms un-
derlying the unique binding and gating properties of
kainate and NMDA receptors subtypes encoded by the
GluR5-7, KA1 and KA2, NR2A-D, and NR3 genes.
Considerable attention has been focused on kainate
receptors due to their unique role in brain function. Kai-
nate receptors are not the major mediators of fast infor-
mation transfer at excitatory synapses but instead
modulate excitability via as yet incompletely under-
stood mechanisms (Lerma, 2003). At postsynaptic
sites, kainate receptors encoded by GluR6 evoke slow
synaptic responses, which show temporal summation
in response to repetitive stimulation (Castillo et al.,
1997; Contractor et al., 2003). At presynaptic sites, kai-
nate receptors encoded by GluR5 modulate transmitter
release (Chittajallu et al., 1996; Schmitz et al., 2000).
Gene targeting experiments represent one approach to
dissecting kainate receptor function in complex sys-
tems (Mulle et al., 1998; Contractor et al., 2000). An al-
ternative approach, the development of subtype-selec-
tive ligands appropriate for use in acute experiments
on genetically intact tissue, should be greatly facilitated
by the availability of atomic coordinates for the ligand
binding sites of individual kainate receptor species.
Here I report the crystal structures of the GluR5 and
GluR6 ligand binding cores in complex with glutamate,
kainate, quisqualate, and 2S,4R-4-methylglutamate, a
ligand with a 1000-fold higher affinity for kainate versus
AMPA receptors (Jones et al., 1997; Zhou et al., 1997;
Donevan et al., 1998). The GluR5 and GluR6 ligand
binding cores are homologous structures with many
features in common with those of GluR2 and NR1, in-
cluding several bound water molecules that play con-
served roles in the binding of glutamate. Features in
the kainate receptor structures that contribute to their
unique biology include a 40% larger volume of the
GluR5 ligand binding pocket that accommodates addi-
tional trapped water molecules not present in GluR2.
The displacement of these water molecules permits the
binding of GluR5-selective ligands. The extent of do-
main closure for the GluR6 kainate complex is 11°
greater than that for GluR2, consistent with its much
greater efficacy for activation of ion channel gating in
kainate receptors (Armstrong et al., 2003; Fleck et al.,
2003). Also unique to the kainate receptor structures is
the presence of additional interdomain hydrogen bonds
and salt links between domains 1 and 2 that are absent
from AMPA receptors; these likely contribute to the
greater stability of kainate receptor agonist complexes.
Results and Discussion
Construct Design and Ligand Binding Properties
Glutamate receptor ion channels are modular proteins
(Figure 1A) from which the S1S2 ligand binding cores
(Stern-Bach et al., 1994) have been isolated, expressed
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Figure 1. Ligand Binding Properties of GluR6 S1S2 T
(A) Domain organization of a kainate receptor subunit showing the c
S1 and S2 segments in blue and bronze, respectively, and their c
contributions to domains 1 and 2 of the ligand binding core. The
tN-terminal domain (ATD), transmembrane segments, and cyto-
splasmic C-terminal are not present in the S1S2 construct. (B)
GChemical structures of kainate receptor agonists used in crystallo-
graphic experiments. (C) Saturation experiment for binding of c
[3H]2S,4R-4-methylglutamate to GluR6 S1S2; the Kd is 35.6 nM; a
data points show the mean ± SEM of three observations. (D) Dis- e
placement of [3H]2S,4R-4-methylglutamate binding to GluR6 S1S2
gby glutamate, quisqualate, and kainate, with Kis of 1.4 µM, 253 nM,
tand 64.6 nM, respectively; data points show the mean ± SEM of
ithree observations.
G
m
gas soluble proteins, and crystallized for AMPA recep-
tors and for the glycine binding NR1 subunit of NMDA (
receptors (Kuusinen et al., 1995; Armstrong et al., 1998;
Chen et al., 1998; Armstrong and Gouaux, 2000; Furu- d
fkawa and Gouaux, 2003). Prior attempts to generate a
soluble ligand binding core from kainate receptors were n
Gless successful, in that the GluR6 His-tagged protein
lacked ligand binding activity in solution, was func- (
ttional only when bound to Ni2+ NTA Sepharose beads,
and bound kainic and domoic acids with an affinity ap- d
aproximately 25-fold lower compared to native receptors
(Keinanen et al., 1998). In the present study, the S1S2 a
hconstruct boundaries of GluR6 and GluR5 were based
on that of GluR2 S1S2J, which includes the minimal f
aamino acid sequence necessary to generate the GluR2
and NR1 ligand binding cores (Armstrong and Gouaux, b
o2000; Furukawa and Gouaux, 2003). The resulting kai-
nate receptor ligand binding cores were expressed as b
whighly purified soluble proteins, and the His-tag cleaved
prior to crystallization in complex with glutamate, kai-
Gnate, 2S,4R-4-methylglutamate, and quisqualate (Fig-
ure 1B and Table 3). The structures were solved by a
cX-ray diffraction; data collection and refinement statis-
tics are given in Tables 1–3. s
CPrior to crystallization, it was established that the kai-ate receptor ligand binding core constructs retained
ctivity after proteolytic removal of the His-tag. GluR6
nd GluR5 S1S2 both showed saturable binding of
S,4R-4-methylglutamate and kainate with similar low
M affinity to full-length receptors, in contrast to the
esults of prior work on kainate receptor ligand binding
ore constructs (Keinanen et al., 1998). For GluR6, the
d for binding of [3H]2S,4R-4-methylglutamate was
5.6 ± 5.1 nM (Figure 1C); for GluR5, the Kd for binding
f [3H]kainate was 83.5 ± 18 nM. In displacement as-
ays with GluR6 S1S2 and 20 nM [3H]2S,4R-4-methyl-
lutamate, the Ki was 64.6 ± 2.4 nM for kainate, 253 ±
3 nM for quisqualate, and 1.4 ± 0.14 µM for S-gluta-
ate (Figure 1D). For GluR5 S1S2, the Ki for displace-
ent of 10 nM [3H]kainate was 1.49 ± 0.07 nM for
S,4R-4-methylglutamate, 84.2 ± 10.4 nM for quisqua-
ate, and 57.2 ± 7 nM for S-glutamate. For ATPA and
-iodowillardiine, Ki values for GluR5 were 4.6 ± 0.2 nM
nd 1.5 ± 0.1 nM, respectively, with no measurable dis-
lacement of [3H]2S,4R-4-methylglutamate at 100 µM
TPA and 100 µM 5-iodowillardiine for GluR6 S1S2.
econdary Structure Is Conserved in Kainate
nd AMPA Receptors
he structure of the GluR6 and GluR5 S1S2 glutamate
omplexes (Figure 2A) revealed a two-domain closed
lam shell motif linked by antiparallel β strands just like
hat observed previously in the AMPA receptor GluR2
ubunit (Armstrong et al., 1998), the bacterial receptor
luR0 (Mayer et al., 2001), the NMDA receptor NR1 gly-
ine-selective subunit (Furukawa and Gouaux, 2003),
nd bacterial periplasmic proteins such as GlnBP (Sun
t al., 1998). Glutamate is bound to conserved arginine,
lutamate, and threonine side chains in the cleft be-
ween domain 1 and 2 (Figure 2), in a conformation
dentical to that observed in GluR2 (Armstrong and
ouaux, 2000), but distinct from the extended confor-
ation found in GluR0 (Mayer et al., 2001) and in the
lutamate binding protein from Thermus thermophilus
Takahashi et al., 2004).
In the hexagonal crystal form of GluR6, a conserved
isulfide bond is formed by C773 in the coil extending
rom helix K, and C719 in the loop linking the C termi-
us of helix I with strand 11, just as observed in the
luR2 (Armstrong et al., 1998) and NR1 S1S2 structures
Furukawa and Gouaux, 2003). For GluR5 and the or-
horhombic crystal form of GluR6, the C terminus was
isordered after the end of helix K. The presence or
bsence of the disulfide bond did not alter the second-
ry structure of the two GluR6 crystal forms reported
ere (Table 3); the root-mean-square deviation (rmsd)
or superposition of domains 1 and 2 in the GluR6 hex-
gonal form compared to molecule A in the orthorhom-
ic form of GluR6 was 0.31 and 0.32 Å, respectively,
nly slightly greater than the 0.07 and 0.08 Å difference
etween molecules A and B in the orthorhombic form,
hich were refined without NCS restraints.
A structure-based alignment for GluR6, GluR5, and
luR2 reveals that, despite a 50% difference in amino
cid identity for the ligand binding cores of kainate re-
eptors versus the AMPA receptor GluR2 subunit, their
econdary structures are almost identical (Figure 2B).
onsistent with this, the rmsd between GluR6 domain
Kainate Receptor Crystal Structures
541Table 1. MAD Data Collection Statistics
Data Set Se Peak Se Edge Se Remote Native
Wavelength (Å) 0.97892 0.97930 0.96746 0.96746
Resolution (Å)a 25–1.72 (1.78) 25–1.72 (1.78) 25–1.72 (1.78) 30–1.75 (1.81)
Unique observations 50732 50496 52262 56740
Mean redundancyb 2.4 (2.0) 2.4 (2.0) 2.4 (2.0) 6.9 (6.3)
Completeness (%)b 97.1 (86.9) 96.4 (83.4) 95.7 (80.2) 99.9 (99.9)
Rmerge (%)b,c 0.038 (0.176) 0.048 (0.263) 0.045 (0.249) 0.089 (0.533)
I/σ(I)b 14.9 (3.58) 14.8 (3.46) 22.2 (4.31) 12.8 (6.34)
Figure of merit (SOLVE) 0.42
Figure of merit (RESOLVE) 0.59
Space group P212121 P212121. Unit cell dimensions (Å) a 57.76, b 91.12, c 105.39 a 58.10, b 91.19, c 105.45.
a Values in parentheses indicate the low-resolution limit for last shell of data.
b Values in parentheses indicate statistics for last shell of data.
c Rmerge = (Σ|II − <II>|)/ΣI|II|, where <II> is the mean II over symmetry-equivalent reflections with Friedel pairs kept separate for Se data.both cases, omit maps showed unambiguous density lower affinity than GluR5. Also different in the GluR6
Table 2. Data Collection Statistics
GluR6 2S,4R-4-
Data Set GluR6 Glutamate GluR5 Glutamate GluR6 Kainate Methylglutamate GluR6 Quisqualate
Space group P61 C2 P21 P212121 P212121
Unit cell dimensions (Å)
a 52.27 119.76 46.68 57.74 57.65
b 52.27 63.58 106.23 91.25 90.69
c 169.41 50.40 57.66 105.55 103.95
α, β, γ (degrees) 90, 90, 120 90, 107.2, 90 90, 101.4, 90 90, 90, 90 90, 90, 90
Complexes per a.u. 1 1 2 2 2
Wavelength (Å) 0.97946 0.99997 1.5418 0.97178 0. 97178
Resolution (Å)a 30–1.65 (1.71) 50–2.10 (2.18) 30–1.93 (2.0) 30–1.80 (1.86) 30.0–1.80 (1.86)
Unique observations 31398 21345 41434 52126 52129
Mean redundancyb 3.6 (3.5) 2.5 (2.2) 3.8 (3.5) 3.7 (3.7) 3.9 (3.7)
Completeness (%)b 99.6 (99.9) 84.3 (49.7) 99.2 (92.8) 99.9 (100) 99.8 (99.7)
Rmerge (%)b,c 0.060 (0.355) 0.045 (0.269) 0.074 (0.349) 0.058 (0.358) 0.068 (0.375)
I/σ(I)b 13.6 (3.82) 12.6 (2.20) 10.6 (4.07) 12.6 (3.86) 9.1 (3.52)
a Values in parentheses indicate the low-resolution limit for the highest-resolution shell of data.
b Values in parentheses indicate statistics for the highest-resolution shell of data.
c Rmerge = (Σ|II − <II>|)/ΣI|II|, where <II> is the mean II over symmetry-equivalent reflections.1 Cα positions compared to GluR5 and GluR2 was 0.28 Å
and 0.60 Å when loops 1 and 2 were excluded from the
calculation; for domain 2 the values were 0.39 Å and
1.28 Å. There is a four amino acid extension of helix G
in the GluR5 and GluR6 kainate receptor subunits,
which is prevented by a proline substitution in GluR2.
Amino acid deletions in kainate receptors, compared to
the sequence in AMPA receptors, occur in loop 2 and
in the pair of turns connecting the C terminus of helix
H with strand 10, and the C terminus of helix I with
strand 11. These changes are remote from the ligand
binding pocket and have minimal effects on the sur-
rounding structure. However, contributing to the lining
of ligand binding pocket are 5 residues that differ in
GluR6 and GluR5; their position is marked by black
boxes and circles in the secondary structure motif
shown in Figure 2B. Although widely separated in linear
sequence, 4 of these residues are clustered near the N
termini of helices F, H, and I, which in combination form
the domain 2 surface of the ligand binding pocket.
The Ligand Binding Pocket of GluR6 and GluR5
The GluR6 and GluR5 complexes with glutamate were
solved at resolutions of 1.65 and 2.1 Å, respectively; infor ligand, binding pocket side chains, and surrounding
water molecules (Figure 3A). Glutamate binds in a cav-
ity formed at the interface between domains 1 and 2
that is completely closed off from the external solution
(Figures 3B and 3C). The top of this cavity is capped
by the side chains of E409 (E426), Y457 (Y474), and
V654 (V670), which prevent access of extracellular
solvent and ions to the bound glutamate ligand. The
cavity in GluR6 (volume 255 ± 15 Å3) is substantially
smaller than that for GluR5 (305 ± 6 Å3), but larger than
for GluR2 (218 ± 4 Å3), as a result of amino acid side
chain substitutions unique to the binding site of each
subunit. The mode of binding of the glutamate ligand
α-carboxyl and α-amino groups is nearly identical in
GluR6, GluR5, and GluR2 and involves ion pair and hy-
drogen bond contacts with conserved Arg and Glu side
chains, as well as with main chain peptide bonds in
both domains 1 and 2, as described previously for the
AMPA receptor GluR2 subunit (Armstrong and Gouaux,
2000). The introduction of a side chain hydroxyl group
in GluR5 at position T503 in place of the methyl group
present in GluR6 at A487 is notable, since this permits
a direct hydrogen bond with the ligand α-amino group
that is absent in GluR6, which binds glutamate with
Neuron
542Table 3. Refinement Statistics
GluR6 Glutamate GluR6 Glutamate GluR6 2S,4R-
Data Set P212121 P61 GluR5 Glutamate GluR6 Kainate 4-MeGlu GluR6 Quisqualate
Resolution (Å) 25–1.75 28–1.65 33–2.10 25–1.93 25–1.80 30–1.80
Protein atoms (alt conf) 4024 1999 1985 4018 4001 (45) 4095 (112)
Ligand atoms 20 10 10 30 22 26
Chloride atoms 0 0 0 0 0 2
Water atoms 427 359 92 420 424 447
Rwork/Rfree (%)a 22.0/24.3 20.0/23.0 21.94/24.96 18.9/21.6 22.3/ 25.6 22.5/25.5
rms deviations
Bond lengths (Å) 0.007 0.005 0.006 0.006 0.005 0.005
Bond angles (degrees) 1.30 1.20 1.30 1.23 1.16 1.19
Bonds B values 1.771 1.661 1.90 1.752 1.740 1.707
Angles B values 2.838 2.461 2.92 2.782 2.675 2.667
Mean B values (Å2)
Protein overall 17.72 18.30 41.90 18.44 16.66 16.73
Main-chain 16.15 17.24 40.35 16.67 15.23 15.45
Side-chain 19.30 19.42 43.45 20.17 18.12 18.02
Ligand 8.06 12.64 27.91 11.32 7.77 8.46
Chloride ions – – – – – 20.14
Water molecules 25.98 32.41 38.91 24.41 24.39 24.59
Ramachandran % 100 (93.0) 100 (92.9) 100 (91.3) 100 (92.4) 100 (91.7) 100 (92.8)
allowed (most
favored)
a Rwork = (Σ||Fo| − |Fc||)/Σ|Fo|, where Fo and Fc denote observed and calculated structure factors, respectively; 5% of the reflections were set
aside for the calculation of the Rfree value.and GluR5 structures is the exchange A658 to S674, h
awhich permits an additional solvent-mediated hy-
drogen bond contact in GluR5 between the amino ter- d
iminus of helix F and the side chain of E723. Since in
GluR2 the equivalent glutamate side chain undergoes t
Ga conformational switch in the transition from the apo
to agonist bound forms (Armstrong and Gouaux, 2000), t
Sthe absence of this additional H-bond in GluR6 would
also be expected to reduce the stability of the gluta-
mate complex compared to that for GluR5. The gluta- D
Lmate γ-carboxyl group binds exclusively to domain 2
and forms a cluster of hydrogen bond contacts with G
iresidues near the N termini of helices F, H, and I that
are identical in GluR5 and GluR6; as for the GluR2 glu- t
otamate complex, all of these are solvent mediated with
the exception of a pair of hydrogen bonds formed with b
athe hydroxyl group and main chain NH group of T659
(T675) at the N terminus of helix F. g
(Prior work on the GluR2 AMPA receptor subunit re-
vealed the presence of trapped water molecules in the p
bligand binding pocket (Armstrong and Gouaux, 2000).
Three of these water molecules play key roles in the s
abinding of glutamate and are conserved between AMPA
and kainate receptors. For example, following least- c
Ssquares superposition of domain 2 Cα atoms in the
AMPA and kainate receptor structures, the GluR2 li- F
agand binding pocket has water molecules within 0.25
to 0.58 Å of W3, W4, and W5 in the GluR5 and GluR6 M
iligand binding cores. Consistent with the larger volume
of the ligand binding cavity in the kainate receptor s
bstructures, there are total of five and six trapped water
molecules in the GluR6 and GluR5 glutamate com- i
plexes, while there are only four trapped water mole-
cules in the GluR2 complex. In the kainate receptors, e
done of the additional water molecules, W1, makes aydrogen bond contact with the ligand α-amino group,
nd together with W2 forms a network linking helix I in
omain 2 with Tyr 457(474) in loop 2 of domain 1. This
nterdomain contact would be expected to contribute
o the stability of the glutamate bound complex. In
luR5, W7 occupies a cavity created by the substitu-
ion of L720 for F704 and makes a hydrogen bond with
706, which replaces N690.
ocking of GluR5-Selective Ligands in the GluR6
igand Binding Core
luR5 and GluR6 have strikingly different ligand bind-
ng selectivity despite 88% amino acid sequence iden-
ity in their S1S2 ligand binding cores. The boundaries
f the GluR5 and GluR6 ligand binding pockets, defined
y the solvent-accessible surface formed by amino
cids in domain 1, superimpose almost perfectly in the
lutamate bound GluR5 and GluR6 S1S2 complexes
Figure 4). In contrast, the surface of the ligand binding
ocket formed by amino acids in domain 2 shows three
ulges in the GluR5 structure that protrude beyond the
urface for GluR6 (Figure 4). This results from three
mino acid substitutions that replace larger GluR6 side
hains by smaller residues in GluR5; the changes are
706, L720, and S726 in GluR5, which replace N690,
704, and T710 in GluR6. The smaller serine side chain
t GluR5 position 726 also allows the side chain of
722 to move closer to the ligand binding pocket than
n the GluR6 structure (Figure 4). It is plausible that in
ome GluR5 ligand complexes movement of M722
ack to the conformation found in GluR6 would further
ncrease the size of the binding pocket.
Extensive site-directed mutagenesis identified the
xchange from GluR5 S706 to GluR6 N690 as critical in
etermining the binding of the GluR5-selective ligands
Kainate Receptor Crystal Structures
543Figure 2. Structure of Glutamate Bound
GluR6 and GluR5 S1S2
(A) Ribbon representation of GluR6 and
GluR5 crystal structures, with S1, S2, and
loops 1 and 2 colored blue, gold, and green,
respectively. The C terminus of GluR5 is dis-
ordered after the end of helix K. Ball-and-
stick representations are used to show the
bound glutamate molecule and three ligand
binding pocket side chains conserved in all
kainate receptors; in GluR6 (GluR5), these
are R492 (R508), T659 (T675), and E507 (E723).
The linker that replaces the TM segments 1
and 2 is shown in gray. (B) Structure-based
sequence alignments for GluR2, GluR5, and
GluR6. Amino acid residues that contribute
to the lining of the ligand binding pocket and
that differ in GluR6 and GluR5 are boxed in
black and indicated by open circles in the
secondary structure representation. Amino
acids that play functionally important roles in
GluR2 S1S2 dimerization are indicated by
“+” above the secondary structure represen-
tation.AMPA (Swanson et al., 1997), 5-iodowillardiine (Swan-
son et al., 1998), and ATPA (Nielsen et al., 2003), none of
which bind to GluR6. When the GluR5-selective ligands
ATPA and 5-iodowillardiine are docked in the kainate
receptor ligand binding sites by superposition on the
glutamate ligand α-amino and α-carboxyl groups and
Cβ atom, it is immediately obvious that the binding of
ATPA and 5-iodowillardiine to GluR6 is prevent by steric
occlusion (Figure 4). The replacement of N690 by S706
in GluR5 opens up a cavity that is sufficiently large to
accommodate both the tert-butyl group of ATPA and
the 5-position halogen atom of 5-iodowillardiine. Bind-
ing of ATPA will displace W1, W2, W3, and W7 and re-
move the hydrophobic tert-butyl group from exposure
to solvent. This hydrophobic effect is consistent with
the nM affinity for GluR5 of ATPA compared to the low
micromolar affinity of AMPA, which has only a single
methyl group at the 5-position (Hoo et al., 1999). Thehalogen atom in 5-iodowillardiine projects into the
same cavity as the tert-butyl group of ATPA. The 4-car-
bonyl oxygen atom of the willardiine uracil ring projects
into a different subsite in the GluR5 ligand binding
pocket created by the replacement of F704 by l720, and
when bound will displace W3 and W7 (Figure 4). Com-
parison of the GluR5 and GluR6 structures reveals the
extraordinary selectivity for ligands that can be achieved
via steric occlusion, a pattern that is repeated in the
high-affinity binding of 2S,4R-4-methylglutamate to kai-
nate but not AMPA receptors.
GluR6 S1S2 2S,4R-4-Methylglutamate
and Quisqualate Complexes
The addition of a single methyl group to the Cγ atom of
glutamate, to yield 2S,4R-4-methylglutamate, increases
agonist affinity 170- and 100-fold for GluR5 and GluR6,
respectively, but decreases affinity for GluR1 and GluR3
Neuron
544Figure 3. Structure of the GluR6 and GluR5
Ligand Binding Pockets
(A) Fo-Fc omit electron density maps using
data to 1.65 Å for GluR6 and 2.1 Å for GluR5,
contoured at 3.5 σ, where the atoms for glu-
tamate, ligand binding pocket side chains,
and water molecules W1, W2, W3, W5, and
for GluR5 W7 were omitted from the Fc cal-
culation.
(B and C) Stereoviews of the GluR6 and
GluR5 ligand binding sites; the solvent-acces-
sible volume of the ligand binding cavity is
shown as a transparent surface generated
by VOIDOO. Ribbon diagram representations
for domains 1 and 2 are colored blue and
gold, respectively. The bound glutamate
molecule and amino acids that line the li-
gand binding pocket are shown in ball-and-
stick representation with black dashed lines
indicating hydrogen bonds and ion pair in-
teractions; trapped water molecules and
their associated hydrogen bond network are
colored green. A conserved water molecule
outside the ligand binding cavity (W6), which
makes hydrogen bonds linking E707 and
T659 in GluR6, and E707, T659, and S674 in
GluR5, is shown in red. For clarity, the side
chains for E409 (E426), Y457 (Y474), and
V654 (V670) are shown as transparent ob-
jects.by 14- and 28-fold (Donevan et al., 1998). Omit maps e
fof the GluR6 complex with 2S,4R-4-methylglutamate
solved at 1.8 Å revealed unambiguous density for the
gligand, water molecules, and amino acid side chains in
the ligand binding pocket (Figure 5A). The mechanism t
Yof binding of 2S,4R-4-methylglutamate to GluR6 is
identical to that for glutamate, with the exception that d
gthe 4-methyl group makes additional van der Waals
contacts with Y457 and V654. Least-squares superpo- p
4sition of Cα positions for the GluR6 glutamate and
2S,4R-4-methylglutamate structures gave rmsds of a
t0.12 Å for each of the two molecules in the asymmetric
unit; side chains in the ligand binding pocket superim- d
wpose exactly within the limits of the resolution of the
data, and water molecules bind in identical positions l
c(Figure 4B). The extent of domain closure in the 2S,4R-
4-methylglutamate and glutamate structures (26.4° and m
t26.6°) is also identical within the limits of experimentalrror and, as discussed later, is greater than observed
or GluR2 agonist complexes.
It is probable that the high affinity of 2S,4R-4-methyl-
lutamate for kainate receptors results from a combina-
ion of four effects. First, van der Waals contacts with
457 and V654 provide extra binding energy. Second,
esolvation of the hydrophobic methyl group in the li-
and binding pocket is energetically favorable com-
ared to its environment in aqueous solution. Third, the
-methyl group introduces an energy barrier for rotation
round the Cβ-Cγ bond and favors the conformation
hat glutamate adopts when bound to its receptor site,
ecreasing the entropic penalty that glutamate suffers
hen binding to the receptor. Fourth, as described
ater, contacts between domains 1 and 2, which must
ontribute to the stability of agonist complexes, are
ore extensive in kainate receptors than AMPA recep-
ors. Shown in Figure 5B is a superposition of the GluR2
Kainate Receptor Crystal Structures
545Figure 4. Docking GluR5-Selective Ligands in the GluR6 and GluR5 Ligand Binding Sites
Stereoviews of the GluR6 and GluR5 ligand binding cavities and their solvent-accessible volumes superimposed using domain 1 Cα atom
positions for the glutamate complexes (rmsd 0.28 Å). The cavity surfaces and ligand binding pocket side chains for GluR6 and GluR5 are
colored pink and green, respectively. Atomic coordinate for ATPA and 5-iodowillardiine were taken from the crystal structures of their GluR2
complexes (PDB codes 1NNK and 1MQG) and superimposed on the GluR6 glutamate ligand molecule using coordinates for the α-NH2
α-COOH and Cβ atoms. Bonds for the ATPA molecule are colored yellow and overlie the 5-iodowillardiine molecule for which the 5-halogen
atom is shown in purple.glutamate and GluR6 2S,4R-4-methylglutamate com-
plexes made using domain 1 Cα atoms excluding loops
1 and 2; the rmsd is 0.64 Å. The GluR2 glutamate and
GluR6 2S,4R-4-methylglutamate ligands are nearly su-
perimposable and reveal an unfavorable 2 Å contact of
the 4-methyl group with the GluR2 L650 chain, which
in GluR6 and GluR5 is replaced by the smaller valine
side chain. In addition, the 4-methyl group is only 3 Å
from a unique water molecule in the GluR2 ligand bind-
ing pocket which forms hydrogen bonds with T686 and
Y702 and likely perturbs this energetically favorable
contact via a steric effect.
When GluR6 was cloned, it had the unique property,
distinct from that for GluR5, of failing to respond to
AMPA at even mM concentrations (Egebjerg et al.,
1991). This was surprising because quisqualic acid, a
structurally related heterocyclic amino acid, is a potent
but nonselective agonist at AMPA, kainate, and G pro-
tein-coupled glutamate receptors and binds to GluR6
S1S2 with a 5.5-fold higher affinity than glutamate, sim-
ilar to the 8.3-fold higher affinity of quisqualate for
GluR2 S1S2 (Jin et al., 2002). To address the mecha-
nisms underlying the unique binding properties of
GluR6, a high-resolution 1.8 Å structure of a GluR6
S1S2 complex with quisqualate was solved, and AMPA
was docked into this structure (Figure 5A).
Omit maps revealed unambiguous electron density
for quisqualate, water molecules, and amino acid side
chains in the ligand binding site (Figure 5A). The extent
of domain closure for the GluR6 quisqualate complex
(26.2°) was almost identical to that for glutamate (26.6°)
and 2S,4R-4-methylglutamate (26.4°), and least-squares
superposition of Cα positions with the GluR6 glutamate
complex gave rmsd values of 0.27 and 0.28 Å for the
two molecules in the asymmetric unit. The α-carboxyl
and α-amino groups of quisqualate bind via identical
ion pair, direct and solvent-mediated hydrogen bond
contacts as found in the glutamate complex (Figure
5C). Likewise, three hydrogen bond contacts made by
the glutamate γ-carboxyl group with the hydroxyl group
and main chain NH of T659 and the main chain carbonyloxygen of V654 via W5 are preserved in the quisqualate
complex by contacts made by the 3,5-dioxo-1,2,4-oxa-
diazoliodine ring. However, quisqualate makes two ad-
ditional direct hydrogen bond contacts with GluR6
S1S2 that are not formed by the γ-carboxyl group of
glutamate and which likely contribute to the higher af-
finity of quisqualate for binding to GluR6. Displacement
of W3 permits hydrogen bond formation between the
carbonyl oxygen atom at position 5 of the oxadiazoli-
dine ring and the main chain NH group of E707, exactly
as found in the GluR2 S2S2 quisqualate complex (Jin
et al., 2002). However, different from the GluR2 struc-
ture, the oxadiazolidine ring oxygen atom makes an ad-
ditional direct hydrogen bond with the amide side chain
of N690 in GluR6 S1S2 (Figure 5C). As a result, the side
chain of N690 is pulled 1.25 Å deeper into the ligand
binding pocked compared to the GluR6 S1S2 gluta-
mate structure and makes a hydrogen bond contact
with W4. This movement of N690 forces V654 to switch
from the preferred rotamer found in the glutamate com-
plex to a less common rotamer. Movement of N690
away from M706 also allows the methionine -methyl
group to move 1.96 Å closer to the ligand binding
pocket (Figure 5C). These local rearrangements all oc-
cur without perturbations of domain 2° structure.
Docking experiments reveal a striking difference be-
tween quisqualate and AMPA, which arises from subtle
differences in the stereochemistry of their heterocyclic
rings. In quisqualate, the dihedral angle between the
plane of the oxadiazolidine ring and the β-carbon atom
is 46°, close to its value of 43° in the small molecule
crystal structure (Flippen and Gilardi, 1976). As a result,
the α-carboxyl, α-amino, oxadiazolidine ring 3 position
carbonyl oxygen and the 4 position nitrogen atoms are
nearly isosteric with the α-carboxyl, α-amino, and
γ-carboxyl groups in glutamate and project deep into
the ligand binding pocket where they make important
contacts with domain 2 residues (Figure 5C). In con-
trast, the β-carbon atom and isoxazole ring of AMPA
are planar as a result of the carbon nitrogen exchange
at position 2, and consequently, when the α-carboxyl
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546Figure 5. Structure of the GluR6 Complexes
with 2S,4R-4-Methylglutamate and Quisqua-
late
(A) Fo-Fc omit electron density maps using
data to 1.8 Å contoured at 4.2 and 4.5 σ for
2S,4R-4-methylglutamate and quisqualate,
respectively, where the atoms for ligands,
binding pocket side chains, and water mole-
cules were omitted from the Fc calculation.
(B) Stereoviews of the GluR6 S1S2 2S,4R-4-
methylglutamate and GluR2 glutamate com-
plexes superimposed using domain 1 Cα
atom positions (rmsd 0.60 Å), with GluR6 and
GluR2 colored pale green and pink, respec-
tively; water molecules in the GluR6 and
GluR2 complexes are colored bright green
and pink, respectively. Bonds for the 2S,4R-
4-methylglutamate molecule are colored yel-
low and overlie the glutamate molecule in
the GluR2 complex for which bonds are col-
ored pink.
(C) Stereoviews of the GluR6 S1S2 quis-
qualate (pale blue) and glutamate (pale
green) complexes superimposed using do-
main 1 Cα atom positions (rmsd 0.15 Å);
water molecules in the quisqualate and glu-
tamate complexes are colored blue and
bright green, respectively. Bonds for the
quisqualate molecule are colored yellow and
overlie the glutamate molecule with pale
green bonds. The transparent molecule with
purple bonds is AMPA from the GluR2 com-
plex (1FTM) and was docked in the gluta-
mate complex using coordinates for the
α-NH2 α-COOH and Cβ atoms. For clarity,
the side chain for Y457 is shown as a trans-
parent object.and α-amino groups of AMPA are docked in the GluR6 2
aS1S2 structure, the isoxazole ring projects upward,
makes bad contacts with side chain of N690, and is S
munable to bind to the recognition sites for the glutamate
γ-carboxyl group in domain 2 (Figure 5C). In GluR5, this p
abad contact is relieved by the exchange of N690 to
S706, but the isoxazole ring is still not able to make (
toptimal contacts like the γ-carboxyl group of glutamate,
consistent with very low affinity binding of AMPA to t
1GluR5.
c
aThe Partial Agonist Kainic Acid Produces Less
tDomain Closure than Glutamate
dKainic acid is a nonselective agonist, which, however,
sbinds to kainate receptors with much higher affinity
cthan AMPA receptors (K 56 nM for GluR6 S1S2 versusd
14.5 µM for GluR2 S1S2) (Armstrong and Gouaux,000). To define the underlying mechanism for high-
ffinity binding of kainate, the structure of a GluR6
1S2 complex was solved at 1.93 Å resolution. Omit
aps revealed unambiguous density for the puckered
yrrolidine ring of kainate, conserved water molecules,
nd amino acid side chains in the ligand binding site
Figure 6A). Strikingly, the extent of domain closure for
he kainate complex (23.3°) was only slightly less than
hat for glutamate (26.6°) and much greater than the
2.3° domain closure observed for the GluR2 kainate
omplex (Armstrong et al., 1998; Armstrong and Gou-
ux, 2000). Shown in Figure 6B is a superposition of
he GluR2 and GluR6 kainate complexes made using
omain 1 Cα atoms, excluding loops 1 and 2, which
hows that, compared to GluR2, helix G moves >3.5 Å
loser toward domain 1 in the GluR6 structure.
Superposition of domain 1 Cα atoms in the GluR6
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with Kainic Acid
(A) Fo-Fc omit electron density map for kai-
nic acid, selected ligand binding pocket
amino acids, and water molecules using
data to 1.93 Å contoured at 4.0 σ as de-
scribed for Figure 4. (B) Traces using Cα
atom positions for the GluR6 (green) and
GluR2 (red) kainate complexes superim-
posed using domain 1 Cα coordinates (rmsd
0.59 Å) illustrating the difference in domain
closure for GluR2 and GluR6. (C) Stereoview
of the GluR6 S1S2 kainate complex with
domains 1 and 2 colored blue and gold,
respectively. Bonds for the kainate molecule
are colored yellow; water molecules trapped
in the ligand binding site are colored bright
green; water molecules that form a hydrogen
bond network extending from the ligand
binding cavity are colored red. (D) The extent
of domain closure measured relative to the
GluR2 apo structure for the kainate and
AMPA receptor complexes with glutamate,
2S,4R-4-methylglutamate, quisqualate, and
kainate. In cases where more than one mole-
cule was present in the asymmetric unit, the
bars indicate the maximum closure.glutamate and kainate structures gave an rmsd of
0.31 Å; for domain 2 Cα atoms, the rmsd was 0.33 Å,
indicating that domains 1 and 2 move as rigid bodies
in transitions between the glutamate and kainate bound
conformations. The mechanism of binding of the kai-
nate α-carboxyl and α-amino groups is the same as for
glutamate, with the exception that the pyrrolidine ring
displaces W1, breaking the solvent-mediated hydrogen
bond network linking the side chain of T710 with the
ligand α-amino group (Figures 3B and 6C). The γ-car-
boxyl group of kainate also makes the same hydrogen
bond network with the main chain NH group and side
chain of T659, W3, W4, and W5 found in the gluta-
mate structure.Given the similar ligand binding mechanisms of glu-
tamate and kainate in AMPA and kainate receptors,
why does kainate bind with such high affinity to GluR5
and GluR6? One mechanism is likely to involve shield-
ing of the hydrophobic 4-isopropenyl group from water.
In the GluR6 kainate structure, the aromatic ring of
Y457, and the side chain of V658, makes extensive van
de Waals contacts with the kainate isopropenyl group,
similar to the interactions made by the 4 methyl group
of 2S,4R-4-methylglutamate. This is remarkable be-
cause, in contrast to other ligands, the binding site in
the GluR6 kainate complex is not closed but is con-
nected to extracellular solvent via a network of ordered
water molecules, some of which are shown in Figure
Neuron
548Figure 7. Interdomain Contacts in GluR5
and GluR2
Stereoview ribbon diagrams of the gluta-
mate bound complexes (red) and the apo
state (green) superimposed using domain 1
Cα coordinates. The GluR5 apo state is a
model based on the GluR2 apo structure
(see Experimental Procedures). Side chains
that form interdomain contacts are drawn as
ball-and-stick models with hydrogen and ion
pair bonds drawn as black dashed lines.
Water molecules are shown as red spheres
connected by hydrogen bonds represented
as green dashed lines. The contacts be-
tween loop 2 and helix F are considerably
more extensive in GluR5 (upper panel) than
in GluR2 (lower panel).6C. Despite this, the isopropenyl group is completely p
Gshielded from exposure to water. The second feature
that contributes to high-affinity binding of kainate to e
gGluR6 is the much greater extent of domain closure
than that found for AMPA receptors, which permits the 1
sestablishment of multiple interdomain contacts between
domain 1 and helix F in domain 2, including a 2.3 Å salt k
tbridge formed between the side chains of Asp 472 and
Lys 664. Kainate receptors are able to form such inter- a
rdomain bonds because they undergo additional do-
main closure beyond that observed in the GluR2 kai- k
dnate complex. This is possible because amino acid
substitutions within the ligand binding pocket reduce n
steric hindrance with the ligand isopropenyl group. In
GluR2, the isopropenyl group is wedged between L650 E
iand M708, which prevents further domain closure be-
yond 12°; in GluR6, these are replaced by the smaller T
aside chains V654 and T710, and the domains close
by 23°. t
bFunctional studies on GluR6 with rapid application of
glutamate and kainate reveal that kainic acid acts as a i
tpartial agonist with 50% of the efficacy of glutamate
(Fleck et al., 2003). The relatively high efficacy of kai- d
cnate for GluR6 is consistent with the much greater do-
main closure observed in the GluR6 kainate structure b
fand recent work on AMPA receptors which links ago-
nist efficacy with domain closure (Armstrong et al., a
t2003; Jin et al., 2003). Of note, the GluR2 L650T mutant
that introduces a smaller side chain at one of the posi-
tions in van der Waals contact with the ligand isopro-enyl group increases the affinity of kainate for
luR2S1S2 from 1.94 µM to 160 nM, increases kainate
fficacy from 2% to 24% relative to the response to
lutamate, and increases domain closure from 12° to
5°(Armstrong et al., 2003). However, these values are
till less than those for activation of wild-type GluR6 by
ainate, reflecting additional amino acid exchanges in
he GluR2 and kainate receptor ligand binding pockets
nd interdomain surfaces. Together, these results strongly
einforce the conclusion that the high-affinity binding of
ainate to Glur5 and GluR6 versus GluR2 results from
ifferences in the extent of domain closure in the kai-
ate and AMPA receptor complexes.
xtensive Interdomain Contacts
n Kainate Receptors
he binding of glutamate to iGluRs triggers a complex
llosteric transition involving rearrangements of both
he ion channel and the ligand binding core. The sta-
ility of the agonist bond complex results from both
ntermolecular contacts made by ligand with the recep-
or binding site and intramolecular contacts between
omains 1 and 2 that are specific to the agonist bound
losed-cleft conformation. Kainate receptors typically
ind agonists with higher affinity than AMPA receptors,
or example, kainate and 2S,4R-4-methylglutamate,
nd show slower recovery from desensitization for
hese agonists.
A comparison of the glutamate bound structures for
GluR2, GluR5, and GluR6 reveals that in the kainate re-
Kainate Receptor Crystal Structures
549ceptors there is an extensive cluster of contacts made
by helix F in domain 2 with loop 2 and the coil preced-
ing helix D in domain 1 that are absent in GluR2 (Figure
7). In part, these contacts form because domain closure
is greater in the kainate versus AMPA receptor com-
plexes. For GluR5, the extra contacts include a salt
bridge between D672 and K473, hydrogen bonds link-
ing the side chains N484 and D672, and hydrogen
bonds linking the side chain T677 with the main chain
carbonyl oxygen of G475. There is one additional hy-
drogen bond made with domain 1 by helix F that is also
present in GluR2 and which links the side chains of
S674 and T503 (Figure 7). Although S764 does not bind
agonist, the GluR5 mutation S674A, which breaks this
interdomain hydrogen bond network, speeds the rate
of deactivation of responses to domoate (Swanson et
al., 1997) consistent with reduced stability of the ago-
nist bound complex. In GluR2, the stability of the gluta-
mate bound complex is also decreased by mutations
that break an interdomain hydrogen bond between
E402 in domain 1 and T686 at the N terminus of helix
H in domain 2 (Robert et al., 2004).
In the GluR2 agonist complexes, the peptide bond
between D651 and S652 adopts multiple conforma-
tions, which in the flipped configuration generates two
interdomain hydrogen bond contacts (Armstrong and
Gouaux, 2000). In the structure of the GluR2 glutamate
complex shown in Figure 7, the bond is in the unflipped
configuration. Notably, in all of the GluR5 and GluR6
structures reported here, the peptide bond in the equiv-
alent position is flipped; as a result, in GluR5 there is a
hydrogen bond between the main chain carbonyl oxy-
gen of D672 and the main chain NH group of G475 and
a solvent-mediated hydrogen bond between the main
chain carbonyl oxygen of R671 and the main chain NH
group of Y474.
Although crystallization of the apo state or an antag-
onist complex has not yet been achieved for kainate
receptors, the common fold and gating mechanisms of
iGluRs suggest that their open-cleft conformations will
be similar. Because domain closure in AMPA and
NMDA receptors is accompanied by a twisting motion
that changes the orientation of domains 1 and 2, heli-
ces F, G, and H move substantially during the closed-
open transition, while helix I hardly moves at all (Figure
7). As a result, agonist-induced domain closure pro-
motes the formation of interdomain contacts that are
clustered near the interface between domain 1 and the
N termini of helices F and H, precisely where kainate
receptors form additional contacts that stabilize the
closed-cleft conformation. The open-cleft structure of
GluR5 shown in Figure 7 was modeled by independent
superposition of domains 1 and 2 on the GluR2 apo
structure and is presented simply to illustrate the rela-
tive movements of domains 1 and 2 observed in the
AMPA receptor structure; the modeling does not im-
pact comparison of the GluR5 and GluR2 closed-cleft
structures and interpretation of the difference between
AMPA and kainate receptors.
Conclusion
High-resolution X-ray crystal structures of the GluR6
and GluR5 ligand binding cores reveal how small differ-
ences in amino acid sequence have allowed iGluRs toevolve the unique pharmacological signatures that
were first used to identify the major iGluR families. The
binding pockets of iGluRs all contain trapped water
molecules that do not interact directly with glutamate.
Displacement of these water molecules permits the
binding of bulky ligands that play no role in synaptic
function, like ATPA, 5-iodowillardiine, and quisqualate.
This has therapeutic significance for allowing the de-
sign of subtype-selective ligands and allosteric modu-
lators, but raises the question of why kainate and AMPA
receptors evolved into multiple subtypes with ligand
binding pockets that are substantially larger than nec-
essary to bind the neurotransmitter glutamate. A likely
explanation for the large size of the ligand binding
pocket is that the network of hydrogen-bonded water
molecules that is unique to the binding site of each re-
ceptor species plays a key role in tuning the unique
kinetic response of each iGluR subtype during synaptic
transmission. The high affinity of glutamate for GluR5
both slows the rate at which kainate receptors can re-
spond to rapid synaptic inputs and may contribute to
temporal summation of synaptic inputs. However, once
bound, glutamate molecules will trigger desensitization
with higher probability than for AMPA receptors, which
are tuned for rapid synaptic signaling. The structures
reported here suggest that variations in the interface
between the two halves of the ligand binding core,
which are not directly involved in the binding of ligands,
also likely influence the stability of the agonist receptor
closed-cleft complex and that this differs in AMPA and
kainate receptors.
The presence of solvent molecules in iGluR binding
sites, coupled with the difference in domain closure for
the kainate and AMPA receptor ligand binding cores,
has until now complicated attempts at accurately mod-
eling the binding of kainate receptor ligands based on
the structure of GluR2 complexes. The GluR5 and
GluR6 structures presented here resolve this limitation
and will hopefully permit the design of additional kai-
nate receptor subtype-selective ligands. However, this
will be challenging, because the structures presented
here reveal that currently available GluR5-selective li-
gands all discriminate on the basis of steric occlusion,
exploiting the larger binding cavity in GluR5, and that
the remaining surfaces in the binding pocket are essen-
tially identical in GluR6 and GluR5. Thus, it is unclear
that it will be possible to design GluR6-selective ago-
nists. In this context it is interesting to note that GluR7
contains a mixture of the side chains that differ be-
tween the GluR5 and GluR6 ligand binding pockets,
suggesting that it will be possible to develop a unique
profile for this target.
Experimental Procedures
Construct Design and Protein Expression
The GluR6 and GluR5 S1S2 plasmids were based on the design on
the AMPA receptor GluR2 S1S2J construct (Armstrong and Gou-
aux, 2000). The GluR5 and GluR6 sequences are numbered with
respect to the first amino acid in the mature proteins. The GluR6
S1 fragment included residues S398–K513, preceded by a 17
amino acid peptide (MH8SSGLVPRG), which encoded an N-ter-
minal octa His tag and thrombin cleavage site. The GluR6 S1 frag-
ment was linked via a GT dipeptide to the GluR6 S2 fragment en-
coded by residues P636–E775. The GluR5 S1 fragment encoded
residues N416–K529, preceded by an 18 amino acid peptide
Neuron
550(MH8SSGLVPRGS), and was linked via a GT dipeptide to the GluR5 b
BS2 fragment encoded by residues P652–E791. The constructs were
sequenced and then subcloned into pET-22b digested with Nde1 i
±and Xho1 to remove the vector encoded pelB leader sequence.
GluR5 and GluR6 S1S2 were expressed as soluble proteins in Ori- r
wgami B(DE3) E. coli and purified to homogeneity using Ni2+ NTA
column chromatography, thrombin cleavage, and ion exchange f
Nchromatography. A SeMet derivative of GluR6 S1S2 was prepared
using a similar procedure; incorporation of selenomethionine was C
lestablished by ESI mass analysis, which revealed a minor peak of
Mr 29333 and a major peak of Mr 29756 corresponding to species c
pwith 0 and 9 Se, respectively. Ligand binding assays were per-
formed as described (Chen et al., 1998), using either [3H]kainate i
A(Perkin Elmer Life Sciences), 58.0 Ci/mmol, or [3H]2S,4R-4-methyl-
glutamate (Tocris Cookson) 47.9 Ci/mmol. Kd values estimated w
sfrom saturation binding experiments are the mean of three obser-
vations. Ki values calculated from displacement curves were cor- f
rected for the binding of [3H] ligands.
a
fCrystallization
GAll crystals were grown in hanging drops at a temperature of 20°C
wwith a 1 to 1 dilution of protein with reservoir solution. Native and
PSeMet GluR6 S1S2 (5–10 mg/ml), when dialyzed against 20 mM
wNaCl, 1 mM EDTA, 10 mM BME, 10 mM S-glutamate, and 2 mM
tcitric acid (pH 4.8), formed orthorhombic crystals, space group
cP212121 (Table 3), with a reservoir of 9%–11% (SeMET) and 13%–
f15% (native) PEG 3350, 10 mM BME, and 10 mM citric acid (pH
d4.8). Native GluR6 S1S2 formed hexagonal crystals, space group
hP61 (Table 3), when dialyzed against 20 mM NaCl, 1 mM EDTA, 10
rmM S-glutamate, and 2 mM Tris (pH 8.0), with a reservoir of 24%
sPEG 4K. The GluR6 S1S2 complex with 2S,4R-4-methylglutamate
owas formed by dialysis (>108-fold dilution) against a glutamate-free
mcrystallization buffer containing 20 mM NaCl, 1 mM EDTA, 10 mM
1BME, 2 mM citric acid, and 50 µm 2S,4R-4-methylglutamate (pH
o4.8); the protein was then diluted by 50% with the same buffer
scontaining 10 mM 2S,4R-4-methylglutamate and concentrated to
w5–11 mg/ml to give a final ligand concentration of 5 mM; the reser-
svoir contained 14% PEG 3350, 10 mM BME, and 10 mM malonic
facid (pH 4.9). The same approach was used for quisqualate and
tkainate. For quisqualate, the crystallization buffer contained 20 mM
sNaCl, 1 mM EDTA, 10 mM BME, and 5 mM malonic acid (pH 4.8);
sthe reservoir contained 14% PEG 3350, 10 mM BME, and 50 mM
umalonic acid (pH 4.6). The crystallization buffer for the GluR6 com-
1plex with kainate contained 20 mM NaCl, 1 mM EDTA, 2 mM ma-
llonic acid, and 5 mM kainate (pH 4.0); the reservoir contained 18%
gPEG 3350, 25 mM citric acid, and 30 mM BME. For GluR5, the
(crystallization buffer contained 20 mM NaCl, 10 mM HEPES, 1 mM
sEDTA, 10 mM S-glutamate; the reservoir contained 20% PEG 10k
mand 100 mM HEPES (pH 7.5). All crystals were cryopreserved by
pserial transfers to a mother liquor supplemented with 15%–18%
eglycerol and flash cooled by immersion in liquid N2.
1
B
Structure Determination
Data were collected at NSLS beamline X9B at 100 K using a
quantum 4 CCD detector, with the exception of the GluR5 gluta-
Amate complex, which was collected at APS beamline ID22 using a
MAR225 CCD detector, and the GluR6 kainate complex, which was
collected using Cu Kα radiation from a microfocus sealed tube with I
sconfocal optics (Rigaku Micromax 002) and a MAR 345 image plate
detector. Data for all crystal forms were indexed, scaled, and s
nmerged using HKL2000 (Otwinowski and Minor, 1997). The struc-
ture of the GluR6 complex with glutamate was solved in two crystal N
nlattices. An orthorhombic form with two molecules in the asymmet-
ric unit was phased using a 3 wavelength SeMet MAD data set g
p(Hendrickson, 1991) and the program SOLVE (Terwilliger and Ber-
endzen, 1999), which found all 18 Se atoms in the asymmetric unit n
e(Table 1). The program RESOLVE (Terwilliger, 2003) was used for
density modification and automatically built 183 out of 259 residues f
cin chain A and 184 residues in chain B; the model was finished by
manual building in O using a rotamer from the O library for the S
Abound glutamate molecule (Jones and Kjeldgaard, 1997). The
model was refined against an isomorphous data set from a native S
bcrystal using CNS (Brunger et al., 1998). Iterative rounds of modeluilding into omit maps followed by positional and individual
-value refinement were performed until Rfree converged and no
nterpretable features were present in Fo-Fc maps contoured at
3 σ (Table 3). Because anomalous data were collected to high
esolution and the initial maps were of high quality, NCS restraints
ere not used during refinement. The final model was complete
rom N399 to W768 in both chains, but lacked density for the
-terminal two amino acids, the disulfide bond between C719 and
773, and seven amino acids at the C terminus, the latter most
ikely due to the use of β-mercaptoethanol as an additive during
rystallization. A second crystal form of the GluR6 glutamate com-
lex in the hexagonal P61 space group was grown under nonreduc-
ng conditions and solved by molecular replacement (MR) using
MoRe (Navaza, 2001) and the A chain of the P212121 structure
ithout ligand or solvent as a search probe (Table 2). The final
tructure was complete from S398 to P774 and had strong density
or the disulfide bond between C719 and C773.
Crystals of the GluR6 complexes with 2S,4R-4-methylglutamate
nd quisqualate were isomorphous with the P212121 glutamate
orm and solved by difference Fourier techniques (Table 2); the
luR6 complex with kainate and the GluR5 complex with glutamate
ere solved by MR using AmoRe (Navaza, 2001) and A chain of the
212121 structure as a search probe. For GluR5, the search probe
as substituted with the appropriate GluR5 side chains using ro-
amers from the O library prior to refinement. The refinement proto-
ol for structures solved by MR began with rigid body refinement
ollowed by a slow cool simulated-annealing run at 5000 K to re-
uce model bias. The MR solution for the GluR6 kainate complex
ad an R value of 0.38, which dropped to 0.27 (Rfree 0.30) after one
ound of simulated annealing. For GluR5, the R value for the MR
olution was 0.36 and dropped to 0.27 (Rfree 0.30) after one round
f simulated annealing. Ligands were initially modeled as the small
olecule crystal structure for quisqualate (Flippen and Gilardi,
976), a model for 2S,4R-4-methylglutamate built using Chem3D,
r the coordinates for kainate taken from the 1.6 Å GluR2 crystal
tructure (1FTK), and were included in the refinement when Rwork
as <0.30. For the 2S,4R-4-methylglutamate and quisqualate
tructures, selected side chains were modeled in alternative con-
ormations, and for the quisqualate structure, a pair of Cl ions iden-
ified by B value analysis of the surrounding side chains and
olvent. Domain closure was calculated by least-squares superpo-
ition of domain 2 with respect to the GluR2 apo structure (1FWO)
sing the program FIT after least-squares superposition of domain
using Cα atoms. Solvent accessible cavity volumes were calcu-
ated with VOIDOO on a 1 Å grid, with a probe radius of 1.4 Å, a
rid shrink factor of 0.9, and convergence criteria of 0.1 Å and 0.1%
Kleywegt, 1994); calculations were repeated on randomly oriented
ets of S1S2 coordinates for each protein and are given as the
ean ± SD (n = 9). Additional crystallographic calculations were
erformed using CCP4 (CCP4, 1994) and the USF suite (Kleywegt
t al., 2001). Figures were prepared using BOBSCRIPT (Esnouf,
997) or MOLSCRIPT and RASTER3D (Kraulis, 1991; Merritt and
acon, 1997).
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